We review recent developments in experimental techniques that simultaneously combine measurements of the interaction forces or energies between two extended surfaces immersed in electrolyte solutionsprimarily aqueouswith simultaneous monitoring of their (electro)chemical reactions and controlling the electrochemical surface potential of at least one of the surfaces. Combination of these complementary techniques allows for simultaneous real time monitoring of angstrom level changes in surface thickness and roughness, surface−surface interaction energies, and charge and mass transferred via electrochemical reactions, dissolution, and adsorption, and/or charging of electric double layers. These techniques employ the surface forces apparatus (SFA) combined with various "electrochemical attachments" for in situ measurements of various physical and (electro)chemical properties (e.g., cyclic voltammetry), optical imaging, and electric potentials and currents generated naturally during an interaction, as well as when electric fields (potential differences) are applied between the surfaces and/or solutionin some cases allowing for the chemical reaction equation to be unambiguously determined. We discuss how the physical interactions between two different surfaces when brought close to each other (<10 nm) can affect their chemistry, and suggest further extensions of these techniques to biological systems and simultaneous in situ spectroscopic measurements for chemical analysis.
INTRODUCTION
Chemical reactions can occur either inside the bulk phase of a substance, which could be in the vapor, liquid, or solid phase, or at a surface or interface between two bulk phases. By convention, the term surface refers to a condensed phase exposed to vapor, for example, a solid or liquid surface in air, while the term interface refers to the boundary between two condensed phases, for example, a solid−liquid or liquid−liquid interface. However, many authors use the term surface to cover both surfaces and interfaces, for example, "...the surfaces of the colloidal particles..." or "...the distance between the two membrane surfaces..." even when these (interfaces) are in solution, and we shall be doing the same here when there is no likelihood of ambiguity.
In this article, we focus mainly on the chemical and electrochemical reactions involving interfaces, either single (isolated) interfaces or two interfaces close together in electrolyte solution, where the proximity of another interface has an effect on these reactions. The way one interface can affect the chemical processes of another, nearby interface is usually through non-covalent physical interaction forces (also colloidal forces), such as the long-range van der Waals andif the surfaces are charged in waterelectrostatic (double layer) forces. These two latter forces are known as the DLVO forces after Derjaguin−Landau−Verwey−Overbeek 1 and form the basis of understanding the long-range (>2 nm) interactions of colloidal particles and biological surfaces, e.g., of vesicles or cell membranes. The interaction energies associated with colloidal forces are usually much weaker than the energies associated with chemical reactions, but as has recently be found, they can have a surprisingly large effect on reaction rates.
Closer in, at surface separations below 1−2 nm but still not at contact separations (say, <0.3 nm), various "solvation" (solvent structural) forces, for example, due to water layering in aqueous solutions, hydration (H-bonding) effects, or ionic binding, have much larger interaction energies which give rise to additional forces. These forces can be attractive, repulsive, or oscillatory 2 and often exhibit some covalent bond characteristics such as directionality and stoichiometry. The effects of these shorter-range interactions can be more dramatic, affecting both the reaction pathways as well as their rates.
Many systems involving particles in solution such as colloidal suspensions, food emulsions, clay slurries, gels, personal care consumer products, and biological structures such as intracellular organelles are highly concentrated such that no surface is farther away from another surface than about 10 nm. In other words, every surface is interacting with, i.e., "feels" the presence of, another surface via long-range colloidal or short-range solvation forces. The question arises: What effect do these interaction forces (or energies) have on the chemical reactions occurring at the interfaces?
Of course, electrochemical reactions can occur at both single (isolated) as well as two well-separated, but still coupled, surfaces, for example, the action of a battery (also electrolytic or galvanic cells) where a potential difference (voltage) is created between two different (electrode) surfaces that are immersed in the same electrolyte solution. When the two electrode surfaces are externally connected via a wire or circuit, the potential difference drives a flow of electrons through the wire accompanied by the conduction (transfer) of ions from one of the surfaces to the other through the intervening electrolyte, for example, metal cations like Na + migrating to the cathode to be reduced and halogen anions like Cl − migrating to the anode to be oxidized, resulting in the buildup of neutral species at each surface. Other examples include the corrosion of metal surfaces, which is believed to be similar to the action of electrolytic cells, and electro-polishing and electro-deposition (electro-plating), where now the application of an external potential between two surfaces causes the dissolution or deposition of material on one or both surfaces.
All of the above phenomena are well-understood effects that do not depend on the close proximity or interaction forces between the surfaces. Our focus here will be on cases where the close approach of two surfaces is seen to impact chemical reactions at surfaceswhether the chemistry is modified from the "well-separated" situation described above or generated by the interactionand how these effects are related.
The idea that some interactions are responsible for modifying or generating chemical reactions at one or both of two closely apposed surfaces is not new. However, deciding which interaction is responsiblewhether mechanical forces of abrasion (friction), electrical forces due to high local fields or ionic bridges, steric or solvation forces due to solvent-mediated adhesionhas usually not been resolved. Or the phenomenon may have been attributed to the wrong interaction, and we illustrate two important examples of this herethe phenomena of chemical mechanical polishing (CMP) and pressure solution (which are discussed in more detail later). Figure 1 shows highly mirror polished surfaces of blades made of hard steel that were initially rough after use in excavating soft clay slurries of amorphous silica in moist soil. Similar mirror finishes (down to <5 nm) are attained when hard silicon, sapphire, and even diamond surfaces are rubbed with much softer materials while immersed in electrolyte solution. The mechanism is referred to as "chemical mechanical polishing" (CMP); however, there is never any indication of mechanical abrasion, for example, scratch marks or friction tracks that are the usual signature of mechanical abrasion. As discussed in section 4, such processes are more likely to be due to "non-contact" electrochemical dissolution reactions than actual friction abrasion, involving both the colloidal interaction forces between the two surfaces in the (aqueous) solution and the electrochemical reaction between the two (electrochemically different) surfaces.
Our second example involves the natural geological phenomenon of "pressure solution"the mechanism that is traditionally used to explain the morphogenesis or shape evolution of rocks. The idea is that, over millions of years, a rock surface dissolves and/or deforms slowly but plastically due to the (lithostatic) pressure from other nearby rocks. This model again invokes purely mechanical stresses and not some chemical reaction. Many rock formations (e.g., strata) are clearly due to slowly deforming layers subjected to such mechanical stresses. However, as shown in Figure 2 , when subjected to high resolution microscopic imaging, there are clear indications of soft materials, like mica flakes, that flatten hard materials or penetrate into them, like crystalline quartz, with no apparent deformation of the sof t material. In such cases, again, the observed flattening and penetration of the hard material (silica) appears to be due to chemical dissolution brought about by the close proximity of the mica flakes, rather than mechanical pressure or frictional abrasion.
The nature of the (electro)chemical reactions responsible for the above two phenomena is subtle, and is examined in some detail in this article, together with six other phenomena where close proximity of two surfaces, the interaction forces (both the normal and shear or frictional forces), and the (electro)-chemical reactions occurring at the two interfaces are correlated. We consider situations where electric potentials and currents are generated naturally during an interaction, as well as when electric fields are applied, and we also consider non-aqueous liquids. We find situations where surfaces are dissolved away, and where material is adsorbed on them; situations where surfaces become smoother, and where they become flattened. We will also see situations where the electrochemical reaction can be followed in situ "quantitatively", which allows for the determination of the corresponding electrochemical reaction equation.
We end with a discussion of possible future extensions of these techniques, in particular (i) to simultaneous in situ spectroscopic measurements for chemical analysis such as IR, FTIR, SHG, and SFG, and (ii) biological systems, for example, two cell surfaces or membranes, where such effects are likely to be particularly important because such surfaces are often closer than 5−10 nm.
ELECTROCHEMICAL ATTACHMENTS FOR THE SURFACE FORCES APPARATUS (EC-SFA)
The design of an apparatus enabling the measurements of surface−surface interaction forces with simultaneous in situ external control of the surface potentials and/or surface charge densities was a key development for the process of gaining deeper insights into the complex relationships between physical colloid interactions and surface electrochemistry properties, as well as the specific ions adsorbed on, and the electrochemical reactions at, the surfaces. This new range for such electrochemical studies became feasible when the Vanderlick group 3 and others 4,5 combined electrochemical control/measuring techniques with simultaneous measurements of the interaction forces and absolute distance measurement capabilities of the SFA. Figure 3a shows the realization of a recently developed electrochemical cell (or attachment) for the surface forces apparatus (the EC-SFA).
The EC-SFA setup shown in Figure 3a has three main electrodes, where the upper Au surface (evaporated or micatemplated film of thickness 42.5 nm) acts as the working electrode (WE). The use of the mica-templated Au provides an atomically smooth surface that is essential for precise interfacial energy measurements. 5 The counter electrode (CE) is in close proximity to and surrounds the working electrode, and can either be a Pt ring (as shown in Figure 3a) , an evaporated Pt layer on a surrounding disk (see Figure 8a later), or a disk of Pt mesh. The reference electrode (RE) is typically a Ag|AgCl electrode, where the measuring point is close to the working electrode; however, other reference electrodes can easily be substituted for Ag|AgCl. The electrochemical cell shown in Figure 3a is well-behaved, as demonstrated by cyclic voltammogram (CV) measurements (see Figure 10a later) that replicated the CV obtained in other published electrochemical cells. 6 The electrochemical cell can also readily be used for any other analytical electrochemistry techniques, for example, impedance spectroscopy.
The upper Au surface is also optically reflective and is an integral part of the multiple beam interferometric (MBI) method used for measuring the distance between the two surfaces to angstrom resolution in the SFA. The lower surface (usually a sheet of molecularly smooth mica, but can also be silica, quartz, sapphire, or other transparent material) has a Figure 3 . (a) The electrochemical surface forces apparatus (EC-SFA) has the capabilities of in situ measurement of forces and simultaneous measurement and control of potential differences, currents, and surface (electro)chemistries. (b) FECO interference fringe patterns (left panels) from the crossed-cylinder or sphere-on-flat geometry (right panels) as seen in the exit port of a normal spectrometer. The vertical and horizontal axes of the spectrograms correspond to the lateral distance (on the surfaces) and the normal distance (surface separation) at each location, respectively, and thus give the profile of the two surfaces. The adhesion forces between the surfaces coupled to the finite elastic compliance of the (originally curved) surfaces and their substrates produces the flattening of the FECO fringes at contact, where the wavelength defines D = 0 (top panels). When the surfaces are separated from adhesive contact, the fringes move to longer wavelengths (to the right) and regain their rounded (curved) shapes. The absolute distance of separation, D, at any location of the surfaces can be calculated on the basis of the shift in the wavelength from that of the contact fringe. More on the SFA and the FECO optical technique can be found in refs 7 and 8. reflective film on the back (55 nm silver or 42.5 nm gold provide suitable reflection coefficients for MBI) and is mounted on a double cantilever (force-measuring) spring with a known spring constant, k. The incident white light passes through the lower surface (see Figure 3a) , and constructively and destructively interferes by reflecting off of the thin metallic layers on the lower and upper surfaces. The interfering light beam is guided to a spectrometer that diffracts the light into separate wavelengths or "multiple beam interference fringes", known as fringes of equal chromatic order (FECO). Two examples of the FECO fringe patterns for two surfaces, in adhesive contact and separated, are shown in Figure 3b . The two surfaces are mounted in a crossed-cylinder or sphere-onflat configuration, which are locally geometrically equivalent. The calculations of the surface separation and surface shape profiles (including the contact area) from the FECO profiles are described elsewhere. 7−9 The EC-SFA inherits the stability of the SFA allowing for long-term and equilibrium measurements.
Electrostatic double layer forces depend on the surface potentials or charge densities of the two surfaces, which can be different (asymmetric surfaces). With the EC-SFA attachment, the electrochemical potential (not to be confused with the electric double layer potential, called the outer Helmhotz plane (OHP) potential) of one of the surfaces (the working electrode surface) can be accurately controlled, and the current through that surface can be precisely measured. The apposing surface usually an atomically smooth mica surfacewill generally have a different, and also measurable, surface potential.
The double layer force F between two electrically asymmetric surfaces at a separation distance D and at constant low surface potentials (<25 mV) is given by the well-known Hogg−Healy− Fuerstenau (HHF) equation: 
where R is the radius of the upper sphere, ψ 1 and ψ 2 are the OHP surface potentials, 1/κ is the Debye length, ε 0 is the permittivity of free space, and ε is the relative permittivity of the medium between the surfaces. Importantly, the actual surface OHP potential of the working electrode that is used to analyze the magnitude of measured double layer forces is not exactly the same as the applied potential (from the external source, like a potentiostat); the OHP potential instead depends on the applied electrochemical potential in a complex manner that depends on the surface chemistry, ion chemistry, and reference electrode selection. 11 The equations for the double layer forces at constant surface charge densities, mixed boundary conditions, and charge regulation can be found elsewhere. 12 Finally, in the EC-SFA, the lower (inert or passive/inactive mica or silica) surface can be replaced by a conductive surface whose potential can also be controlled, thereby producing two conductive (as well as optically reflective) surfaces facing each other. This configuration allows for controlled electric fields to be applied across the two surfaces (or interfaces) in both aqueous and non-aqueous liquids.
ELECTRIC DOUBLE LAYER FORCES CONTROLLED
BY EXTERNALLY APPLIED POTENTIALS The EC-SFA was first used in 2001 to explore the relationship between externally applied electrochemical potentials and electric double layer interaction forces between two surfacesmica and polycrystalline gold electrodesin dilute aqueous electrolyte solutions (Figure 4) . 3 In particular, Frećhette and Vanderlick tested whether the DLVO theory of colloidal forces could be utilized to describe interaction forces as the electrochemical potentials of the gold surfaces were controlled externally. All of the potentials studied were in a range where the gold behaved as an ideally polarizable electrode, and mica acquires a negative surface charge from the dissociation of K + ions when immersed in aqueous solutions of pH 5.5.
3 Figure 4a shows DLVO theoretical calculations that illustrate how the interaction forces are expected to vary as the outer Helmholtz plane (OHP) potential of the gold surface is changed from highly negative (repulsive interactions) to highly positive (attractive interactions) values. 3 The relationship between the applied potentials and the surface OHP potentials can be found in Figure 4b . DLVO theory was found to do an excellent job of predicting interaction forces when the mica−gold separation distances were greater than about one Debye length, 3 and several subsequent studies of interfacial forces under external potential control reached similar conclusions. 5, 11, 13, 14 Further, the magnitudes of the double layer forces were found to saturate at electrochemical potentials that are large in magnitude: increasing the (negative) magnitude of the applied potential from −600 to −700 mV resulted in no measurable change in the magnitude of the measured double layer repulsion ( Figure  4b ). 3 The presence of a force saturation regimewhere large increases in surface potentials lead to marginal increases in double layer forcesis also predicted by DLVO theory ( Figure  4a ). 3 When the applied potentials were small in (negative) magnitude relative to the natural potential (open circuit potential) of the gold surfacesgold OHP potentials between −85 and −25 mVthe measured forces were small in magnitude and exhibited only slight repulsive deviations from DLVO theory before jumping into adhesive contact. 3 Since the magnitude of adhesive forces predicted from DLVO theory is highly sensitive to both the effective Hamaker constant as well as the absolute, angstrom-scale distance at which the interaction is "cutoff" (i.e., the separation of mica and gold atoms in contact), Frećhette and Vanderlick concluded that DLVO theory could likely be utilized to model the adhesive forces but noted that any predictions would be highly sensitive to parameter selections. 3 Frećhette and Vanderlick later used results from additional EC-SFA experiments to develop a more robust electrocapillary model for predicting the magnitude of adhesive (or repulsive) interactions between mica and gold surfaces under external potential control. 13 As the electrochemical potentials applied to the gold surface were increased to large (negative) magnitudescorresponding to gold OHP potentials more negative than −100 mVthe short-range interaction forces were found to be substantially more repulsive than expected from DLVO theory, with the mica−gold system exhibiting purely repulsive interaction forces, even down to final "hard contact". 3 These deviations were attributed primarily to surface roughness effects 3 in agreement with subsequent electrochemical AFM and SFA measurements 5,11,13−15 however, later work also demonstrated the importance of specific ion−surface adsorption effects in causing short-range deviations from the predictions of DLVO theory. 5, 11, 14, 15 For example, recent work by Valtiner et al. 5 shows that both the saturation of long-range double layer forces and the magnitudes and ranges of short-range deviations from DLVO Figure 5 . (a) Schematic of the experimental geometry of the surfaces and potential-measuring electrode surfaces in the SFA used for measuring the dissolution of one of the surfaces (the lower quartz surface in this case) induced by the close proximity (overlap of electric double layers) of another surface (the upper mica surface in this case) having a more negative surface potential, V. This electrochemical potential difference can be natural to the two surfaces (depending on the solution conditions) or externally applied, as illustrated in Figure 6a . In the above geometry, the 55 nm thick silver layers serve both as electrically conducting electrodes and as optically reflecting layers for imaging the surfaces (using multiple beam interference fringes, Newton's rings, or simple optical microscopy). (b) Typical evolution of the pressure solution type of experiments (muscovite mica pressed against a quartz surface) using an SFA. The dissolution of the quartz is seen as a decrease of its thickness, ΔH Q , as a function of the time, t. The voltage drop across the quartz and mica, V, is also recorded, and shows (c) a higher rate of thickness decrease, dH Q /dt, at higher recordings of the voltage drop. The correlation between dH Q /dt and V is well described by an exponential function similar to the Nernst equation. theory are intimately tied to the roughness of electrode surfaces. At the atomic level, rough surfaces expose significantly more surface area (per macroscopic unit area) to electrolyte solutions than atomically smooth surfaces. Thus, counterions have a larger surface area available for specific binding and can more effectively neutralize electrochemical potentials applied to rough surfaces, as compared to atomically smooth surfaces. 5 Several other studies also indicate that ion−surface binding/ condensation effects, i.e., the increased buildup of surface bound ions, play significant roles in modifying interaction and especially short-range and adhesion forces between two surfaces. 5, 11, 14, 15 Indeed, in 2001, Wang and Bard had already used AFM with in situ electrochemical control of polycrystalline gold substrates to reach the conclusion that ion binding and condensation effects were a major cause of deviations in force measurements from the Gouy−Chapman−Stern model of electric double layers utilized in DLVO theory. 15 In general, these short-range deviations from DLVO theory can be accounted for by using empirical models incorporating exponentially decaying steric repulsion terms superimposed with DLVO theory, 5, 11 for example, one distinct term accounting for the compression of asperities (rough surfaces) and another accounting for the compression of surface-bound ions and/or solvent molecules. These empirical models are analogous to the "hydration repulsion" models developed to account for cation binding at mica surfaces, 16 and the parameters for these models cannot currently be predicted a priori.
NATURAL ELECTROCHEMICAL
REACTIONSPRESSURE SOLUTION Many weathering phenomena of natural and man-made materials are due to electrochemical reactions, which depend on apposing surfaces of different materials in close proximity, in different electrolyte solution. The proximity of two surfaces leads to either an electrostatic potential drop or an overlapping double layer interaction between the two surfaces that can enhance the reaction rate (i.e., lower the activation energy for the reaction) of one of the surfaces. In addition, electrolytes in the solution can form complexes with the material or can be a catalyst for the reactions. Typical examples of electrochemical weathering phenomena are the pressure solution in geological formations (see Figure 2 ), crevice corrosion, chemical mechanical polishing, 17 the claws of the excavator (see Figure  1 ), stability of containers of nuclear waste disposal, 18 and wall stability in micro-and nanofluidic devices. 19 In this section, we will discuss laboratory experiments imitating the pressure solution phenomenon that occurs naturally in geological formations, while, in the following section (section 5), we will employ the EC-SFA to gain more insight into the importance of the electrochemical surface potential on dissolution to provide crucial information about the pressure solution phenomenon and possibly to the other abovementioned phenomena as well.
The enhanced dissolution rate of quartz in contact with micaceous (muscovite, illite, smectite) materials is a characteristic element of the pressure solution phenomenon. 20, 21 The cause of this dissolution has long baffled the geological community, and in spite of their apparent importance, several geological processes are not yet well-understood, e.g., pitting and indentation at grain contacts, formation of stylolites, overgrowths, cleavage, and the deformation of metamorphic rocks. 20 Geological observations, like the sample shown in Figure 2 , initiated the use of the SFA to study the pressure solution phenomenon. 22 Figure 5a shows a typical realization of these types of experiments where the thickness change of a thin slide of quartz is measured over time when a muscovite mica flake is pressed against it (at 2−3 atm pressure) while immersed in a 30 mM CaCl 2 solution of pH 3. The dissolution rate can be measured as low as 0.01 nm/min. In addition to the thickness change, the voltage drop between the back-silvered films of the mica and the quartz is measured simultaneously. Figure 5b shows the measured changes in the quartz thickness with time, ΔH Q vs t undergoing natural pressure solution (no external applied electric field or potentials). Also shown in Figure 5b are selected measured electrostatic potentials V during the measurement. Figure 5c shows that the quartz (Z-cut quartz crystal) dissolution rate (dH Q /dt) when in close proximity to muscovite mica grows roughly exponentially with the electrostatic potential difference V:
where in these experiments A = 0.37 Å/min ≈ 20 μm/yr and V 0 = 23.7 mV. This is very close to the Nernst equation:
where kT/e = 25.8 mV at room temperature, with e being the electric charge, T the absolute temperature, and k Boltzmann's constant. The pressure solution phenomenon is a complex system where several variables can change the dissolution rate of the quartz. The dissolution rate shows some dependence on the crystallographic orientation of the quartz crystal. 23 Displacement agitation normal to the surfaces shows no effect, while shearing mica against quartz increases the dissolution rate considerably. 20 The effect of ions in the aqueous solution will be discussed in the next section.
One of the most intriguing effects on the dissolution rate of quartz is due to the difference in the electric surface potential of the two surfaces in proximity, as seen from Figure 5c . Control experiments with equal electric surface potential, like mica− mica and quartz−quartz, show no change in thickness. The geological samples, like Figure 2 , show enhanced dissolution of quartz in the proximity of more negatively charged surfaces, like muscovite mica, in electrolyte solutions with ionic strength and pH in the geological range (few ones to tens of mM, and pH 4.5−9, respectively). Geological observations of other materials with more positive surface potentials than quartz, like zircon and magnetite, show an inhibition of quartz dissolution. 6 This dependency of the electrochemical surface potential of the apposing surface on the dissolution rate is the background for developing the electrochemical cell for the surface forces apparatus and the basis for the experiments and discussion in the next section. millions of years. These experiments, together with the geological observations that more positively charged surfaces like zircon and magnetite inhibit quartz dissolution, suggest that other physiochemical explanations than the previously thought explanations 24 of pressure or strain are responsible for the enhanced dissolution of quartz. The overlapping electrical double layer (i.e., asymmetric surface potentials) was proposed to be one of the main mechanisms. 20, 25 The hypothesis that the dissolution rate of a quartz surface is changed by an apposing electrically charged surface in close proximity lead us to the development of the electrochemical cell attachment for the SFA (EC-SFA). Figures 3 and 6a show schematics of the setup where the lower surface is the quartz or amorphous silica that we monitor in real time using our FECO technique and the upper gold surface is the working electrode, where we may vary the surface potential, and hence the electric double layer.
The generally accepted chemical reaction of silica dissolution in an aqueous electrolyte is 26, 27 
It should be noted that the exact reaction equation is yet to be fully characterized. Assumingbased on the chemical reaction of eq 4an Arrhenius type of dissolution rate that is exponential proportional to activation energy E a , the temporal change in the thickness of the silica is given by
where k B is the Boltzmann factor, T is the temperature, e is the elementary charge, α is a transfer factor, and ΔU is the potential of the gold surface referenced to the potential of zero charge of the silica surface U PZC . U PZC is found by fitting eq 1 to the force−distance profiles for several potentials of the gold surface. The activation energy for bond hydrolysis is modified to first order by adding a term proportional to the applied potential:
The value of αΔU is approximately the actual surface potential, 5 and itself depends on the contact pressure P, concentration of ions c i of species i, ionic strength I, and pH of the solution. The zeroth term (no external voltage) of the activation energy E a,0 is dependent on the pressure P and the separation distance D. The prefactor C is found to be
where C 0 is a constant that depends on material properties of the silica and the contact area of the silica−gold system. Equation 5 is similar to the Butler−Volmer equation 28 one of the fundamental relationships in electrochemical kineticsthat describes how the ion or mass current on an electrode depends on the electrode potential. Figure 6b shows the dissolution rate of amorphous silica (ΔH/Δt) as a function of the potential of the apposing gold surface ΔU. The surfaces were immersed in a 30 mM Ca(NO 3 ) 2 aqueous solution at pH 3 and at room temperature. For each data point (i.e., at each potential), the change of the thickness of the silica ΔH was measured over a time period of 2 h. The data in Figure 6b fit well to the Butler−Volmer Arrhenius-like equation (eq 5). 6 The role of cations in the electrolyte solution are important for the dissolution process; however, the exact mechanism is not currently known. We have observed that divalent cations (e.g., calcium) increase the dissolution rate compared to monovalent cations (e.g., sodium), 20 while experiments by Dove 29 observed rate dependence on the type and concentration of the cations. The dependency of cation type and concentration leads us to believe that these cations have a catalytic effect on the dissolution process, as the positive ions can form bonds with negatively charged dangling bonds at the silica surface or even break up Si−O bonds at the surface. The probability of cations forming bonds with the silica surface can be high considering the fact that the concentration of cations (e.g., calcium) can be very high near the silica surfaceit can be several molar even though the bulk concentration is in tens of millimolardue to the exponential distribution close to a negatively charged surface (e.g., silica).
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A low value of the pH in the solution is believed to have an initiator role on the dissolution rate. The excess of protons (hydronium) can have a catalytic effect, just like cations, and protons can also access the surface easier than cations due to its small size. Experiments show similar dissolution rates for silica immersed in pH 3 and in pH 7 as long as the silica surfaces were prepared in pH 3 solutions for an hour before an experiment (and replaced with pH 7 solution immediately before the experiment). 20 These results demonstrate that, for the dissolution of quartz in geological samples, electrochemical effects are more pronounced than the effects of pressure. High pressure on quartz and silica glass induces mechanical strain and overlapping electric double layers, as well as smaller separation distance D. Both mechanical strain and overlapping electric double layers lead to a decrease of the activation energy, while a smaller separation distance D will hinder the diffusion of the solutes. However, the dissolution process is shown to be reaction-limited rather than diffusion-limited even at 0.3 nm separation distance. 22 Studies also show that pressure up to 500 atm has very little effect on the activation energy. 26 One reservation is that our results are obtained at room temperature, and that higher temperature, which most geological samples experience, may induce more complicated relationships between dissolution, electrochemical reactions, and pressure.
The dissolution experiments presented here using the EC-SFA reveal the importance of the electrochemical surface potentials in the pressure solution phenomenon observed in geological samples (see Figure 2) . The proposed electrochemical model is general and may provide a unifying key to understand processes important not only to geology but also to many seemingly unrelated fields, technologies, and disciplines, such as chemical mechanical polishing (CMP), micro-and nanofluidic phenomena, and corrosion.
TRIBOCHEMICAL REACTIONS OCCURRING AT SHEARING INTERFACES
Understanding tribochemical reactions at interfaces that move relative to each other has become important in applications of micro-and nanodevices, and further improvements require a better understanding of their fundamental mechanisms. One of the main mechanisms that can trigger chemical reactions is frictional heating. The frictional heating not only increases the average temperature of the shearing contact but significantly increases the local temperature (500−1000 K) 30, 31 of the shearing junctions. The steep increase in local temperature can induce tribochemical reactions (i.e., oxidation) at shearing junctions 32, 33 and thus alter the tribological properties compared to fresh unreacted surfaces, which can eventually impact the overall performance of the tribological devices. The chemical reactivity of the shearing surfaces strongly depends on the physical properties of the surfaces, i.e., surface morphology and physical defects. 34−36 Akubulut and co-workers 37 used an SFA coupled with ex situ measurements of X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) to investigate the tribochemical/tribological properties of a thin (5−10 nm) Ag layer on various substrates (see Figure 7a for the schematics). Despite the fact that all shearing surfaces were Ag, they exhibited a different roughness depending on the substrates that they were deposited on Al 2 O 3 , Al, mica, and SiO 2 (rms roughness of 0.83, 1.02, 1.36, and 1.83 nm, respectively). The friction forces measured with the SFA show that the surfaces with larger roughness exhibit a higher friction coefficient (μ = df/dL, see Figure 7d ) below a certain level of roughness.
The structural changes/damage of the surfaces after shearing were investigated using SEM (Figure 7b and c) . Initially, smooth surfaces (Figure 7b , Ag on Al, rms roughness of 1.02 nm) had very large features at the center of the contact where the pressure had been the highest, which resulted in a significant increase in roughness. Meanwhile, initially rough surfaces (Figure 7c , Ag on SiO 2 , mean rms roughness of 1.83 nm) had smaller features that were distributed uniformly along the contact. Compared to the initially smooth surfaces, the initially rough surfaces have a smaller "real" contact area, which causes damage to the rough surfaces much more easily due to higher local stresses and strains. Thus, rough surfaces produce many, but small, wear debris particles, while smooth surfaces produce a few, but large, debris particles.
The chemical changes induced from shearing were studied using XPS. When the Ag was deposited on an Al 2 O 3 layer and sheared with a symmetric surface, extensive oxidation was observed (relative composition of 80−85% Ag and 15−20% Ag 2 O; see Figure 7e ). Meanwhile, Ag deposited on SiO 2 had no apparent chemical difference between the sheared and unsheared regions only showing slight natural oxidation (5− 10%) in both regions (see Figure 7f) . These results suggest that the local temperature increase of Ag on SiO 2 was not enough for the oxidation reaction to take place. Furthermore, surfaces exhibiting only adhesive and therefore much higher friction (having a finite friction force at zero load, see Ag on mica and Ag on Al 2 O 3 ) had significant changes in the surface chemistry in the sheared regions of Ag (see Figure 7e ) which could be related to the complex relation among the roughness, stiffness, local temperature, and reactivity of the Ag surfaces. 
ELECTROCHEMICALLY INDUCED DOUBLE LAYER FORCES IN IONIC LIQUIDS
Ionic liquids are receiving considerable attention as promising materials for numerous technological applications, including energy storage devices. 38 Since interfacial phenomena are a key determinant for the performance of ionic-liquid-based energy storage devices, numerous research groups, including ours, are actively involved in elucidating the interfacial behavior of ionic liquids. Of particular relevance to this review are recent works by Hayes et al. 39 that utilized AFM to study the near-surface structuring of ionic liquids at gold electrode surfaces, and our complementary work with the EC-SFA where we found that ionic liquids also form long-range diffuse electric double layers (out to 15+ nm) under certain applied potentials (Figure 8 ). 40 The interfacial structuring of ionic liquids was first reported by Horn, Evans, and Ninham in 1988, when they used a SFA to study the ionic liquid ethylammonium nitrate (EAN) in an interface consisting of two mica surfaces. 41 In this symmetric setup, the force−distance profiles measured across pure EAN were found to be of short range (D < 5 nm) and "oscillatory" in nature, where steep repulsive barriers of increasing magnitude alternate with abrupt unstable attractive "jumps in" of 0.5−0.6 nm, on the order of the size of a cation−anion pair of EAN ions. 41 "Oscillatory" interaction profiles are indicative of layered molecular ordering by nanoconfined liquids, 42 and analogous "oscillatory" force profiles have been measured across both polar 43 and non-polar 44 liquids, where the oscillations can be superimposed with additional interaction forces, including DLVO interactions. However, Horn et al. noted that the oscillations measured across EAN do not appear to be superimposed with any additional forces. 41 With the recent renaissance in ionic liquids research, clarifying the mechanism of electric double layer formation by ionic liquids again became a focus of numerous experimental and theoretical studies. 38 For example, Perkin and colleagues utilized a SFA to study a range of common ionic liquids confined between symmetric mica surfaces, with a particular e m p h a s
i s o n 1 -a l k y l -3 -m e t h y l i m i d a z o l i u m b i s -(trifluoromethanesulfonyl)imide ([C n mim][NTf 2 ]) ionic
liquids, where n corresponds to the number of carbons in a linear alkyl substituent. 45, 46 Perkin et al. 46 found that [C n mim][NTf 2 ] ionic liquids with n < 6 exhibit "oscillatory" force−distance profiles indicative of molecular layering, where the period of the instabilities again corresponds to the size of one cation−anion pair. However, once n ≥ 6, ionic liquids abruptly transition to "bilayer" structures with segregated ionic and non-polar domains. AFM has also been heavily utilized to study the interfacial structuring of ionic liquids, 39, 47 with most, if not all, studies indicating that ionic liquids form "oscillatory" layered structures at single surfaces, 47 in agreement with X-ray reflectivity studies. 48 Notably, Hayes et al. 39 used AFM to demonstrate that the range of interfacial structuring at a gold electrode surface arising from surface-bound ions increases upon applying electrochemical biases to the surfaces.
Recently, the EC-SFA technique allowed us to measure the equilibrium interaction forces across the ionic liquid [C 4 mim]-[NTf 2 ], and our results demonstrate that ionic liquids can also form diffuse electric double layers at confined interfaces ( Figure  8) . 40 The decay length of the electrostatic interaction that we measuredthe effective Debye lengthis in excellent agreement with a thermodynamic model that we proposed based on the energetics of ions interacting in a dielectric medium. 40 Our results demonstrate that, outside of bound ion layers, most of the ions in ionic liquids are expected to behave as a coordinated ionic network, and are therefore not "free" to contribute to electrostatic screening. Additionally, this framework provides molecular-scale insight into tuning the chemical equilibrium between the coordinated ionic network and the effectively dissociated ions (defects within the ionic network), thus providing a strategy for controlling the ranges and strengths of electrostatic interactions in ionic liquids. 40 This finding also provides further justification for the comparatively low ionic conductivities of ionic liquids: typical conductivities for aprotic ionic liquids range from 0.1 to 14 mS/ cm, 49 while conventional aqueous electrolytes exhibit ionic conductivities of 500−700 mS/cm. 49 Previous studies have shown that the high viscosities of ionic liquids arise from high degrees of ionic coordination within the bulk ionic liquids, and high viscosities correspondingly slow the diffusion of ions. 50 Our work shows that the high degree of ionic coordination present in ionic liquids also substantially reduces the (instantaneous) population of effectively dissociated ions that are available to diffuse independently of the surrounding ionic network. 40 Our results differ from previous SFA and AFM measurements that found only short-range oscillatory forces, 39,41,45−47 because the gold electrode surfaces utilized in our EC-SFA setup are molecularly smooth (0.2 RMS roughness) but polycrystalline, which suppresses or smears out the oscillatory layering of the [C 4 mim][NTf 2 ] ions. 40, 51 Additionally, the presence (or absence) of long-range electrostatic effects was found to depend on specific ion−surface chemical interactions, where the [NTf 2 ] anions did not entirely screen the positive gold surfaces via bound ion layers, resulting in long-range double layer interactions. 40 This observation is consistent with a recent neutron scattering study by Lauw et al. 52 of the interfacial structure of a [NTf 2 ]-based ionic liquid at gold electrodes, where the surface-bound ion layers were found to be enriched in cations, even under positive electrochemical biases. Lauw et al. 52 also raised the possibility that "oscillatory" force measurements across ionic liquids may be primarily related to packing constraints arising from the arrangement of large ionic liquid ions at solid−liquid interfaces (like liquid molecules), as opposed to being indicative of changes in the relative distributions of cation and anion densities next to charged surfaces (i.e., electrostatic screening). 
ELECTRIC FIELD EFFECTS ON THIN LIQUID CRYSTAL FILMS
The SFA with an electric cell can shed light on the interplay between interaction forces, polarization, molecular rotation, and flow of a nematic liquid crystal in an external electric field. A liquid crystal consists of anisotropic polar molecules, where as a medium it has some degree of crystalline order, yet is liquid-like in at least one direction. 53 For example, a nematic liquid crystal has correlations along the preferred direction (the so-called "director") that are not equivalent (i.e., anisotropic) to those along the two perpendicular directions. Their anisotropic nature often makes them highly birefringent materials, which makes them widely used in optical devices as thin films between two electrodes, which provides the ability to manipulate polarized background light. Nematic liquid crystals can easily flow or rotate and respond fast to an external electric or magnetic field; however, the flows of nematics are more complex than those of isotropic liquids, since there is a complex coupling between the translational and orientational motions of the molecules. 53 Two of the main issues with complex flow are that the flow of the molecules affects the alignment of the molecules and that a change in the alignment can induce a flow. Figure 9a shows an experimental SFA setup for studying electric field effects on a liquid crystal medium. This electric cell generates an electric field between two surfaces but does not polarize the surfaces in the same way as the setup shown in Figure 3 . The liquid crystal is trapped between two reflective silver electrodes where the light that passes through the electrodes is divided by a beam splitter that allows for simultaneous distance and polarization measurements using the SFA-FECO optical techniques, as well as monitoring refractive index fluctuations by viewing the top surface of the liquid crystal using an optical microscope.
The liquid crystal studied here is the commonly used 4′-npentyl-4-cyanobiphenyl (also called 5CB), which is nematic at room temperature. The 5CB has a preferred alignment of the director parallel to a silver surface. Its nematic structure can easily be seen as the birefringent pattern in the FECO images, as seen in the upper panel of Figure 8b (separation distance of 7 μm). The refractive index parallel to the director (extraordinary wave) is higher than perpendicular to the director (ordinary wave). Also, the FECO fringes of the extraordinary waves appear rougher than those from the ordinary waves which reflects the molecular motion of the nematic along the director. However, from the top view, the nematic appears as a uniform medium.
In an electric field, E, the molecules of 5CB (in the x−y plane) will try to align the director parallel to the field. This change of alignment of the molecules changes the refractive index of the extraordinary wave in the x−y plane of the surfaces to a lower value. This shift in refractive index can easily be seen in the FECO fringes as the extraordinary wave moves to the left (closer to the fringes of the ordinary wave). Figure 9b shows how light polarized along the director changed the wavelength in the FECO image from going from no applied voltage to 1.3 V. Interestingly, the FECO fringes of the ordinary wave do not display any changes, which means that there is no detectable change in the separation distance between the surfaces. Above 2.5 V, the extraordinary wave overlaps with the ordinary wave, and upon removal of the applied voltage, the fringes of the extraordinary waves do not relax back to the initial alignment parallel to the silver surface (at least not coherently). This is the so-called Freédericksz transition 54 (the voltage is independent of the sample thickness), which is a second order phase transition of the alignment of the director as it approaches parallel to the external electric field.
Close to and above the Freédericksz transition voltage, the top view starts to show dynamic distortions in the liquid crystal due to fluctuating changes in the refractive index. Figure 9c shows that, in even higher electric fields (here 5 V), regular hexagonal patterns form of fluctuating regions with different refractive index in the center of the hexagons compared to the edges. These fluctuating regions are due to convective flow instabilities, or the so-called Carr−Helfrich effect 53,55 where the flow is driven by a combination of electrostatic torque and hydrodynamic torques. The flow pattern shares some similarities with the Beńard cell phenomenon, and is schematically drawn in Figure 9d , right panel. However, with the EC SFA setup, we only performed experiments under applied electric fields of up to 20 V, which should still be too low to enter the turbulent regime. 51 Previous SFA experiments have provided interesting results on intersurface forces (both normal and frictional forces) of liquid crystals between two mica surfaces. 56 Other techniques, like the QCM-D with an electrochemical cell, have shown interesting electroviscous effects of 5CB near a surface. 57 We have also measured the forces exerted on the surfaces in an electric field and successfully correlated these measurements with the flow patterns.
CHEMICAL REACTIONSDISSOLUTION,
ADSORPTION (GROWTH), OXIDATION, AND REDUCTION Due to the angstrom distance resolution and the possibility of stable (equilibrium) measurements over long time durations, the SFA technique can be used to study in situ the dissolution of materials (e.g., pressure solution, see section 4) as well as the growth and/or adsorption of atomically thin films at interfaces. Recently, it was demonstrated that the EC-SFA allows for simultaneous growth of a passivating oxide film and the identification of the chemical nature of the thin growing oxide film in situ.
11 Figure 10a shows a typical cyclic voltamogram (CV) with characteristic features of an amorphous and atomically smooth Au surface measured in the EC-SFA. The potential axis shows the applied potential with respect to U NHE (potential of a "normal hydrogen electrode", U NHE = U + 197 mV), which is commonly used in electrochemistry. However, in electrochemical surface science, it is more convenient to use a scale that refers to the potential of zero charge, U PZC , i.e., the electrochemically applied potential at which the surface charge on the working electrode is zero (ΔU = U NHE + U PZC ). A potential sweep in the form of a triangular wave was imposed on the Au surface between ΔU = 1500 and −500 mV at a rate of 50 mV/s.
The CV in Figure 10a displays three distinct regions, viz., regions A, B, and C, and five peaks, that are characteristic for a well-prepared gold surface. Region A shows the current associated with the charging of the electric double layer due to specific adsorption of ions onto the Au electrode surface. Peak I in this region corresponds to the chemisorption of nitrate and hydroxide ions onto the electrode from the solution. The surface oxidation of Au is demonstrated in region B and results in the flow of a faradaic current through the electrochemical interface. The oxidation peaks II, III, and IV in region B are associated with the formation of a passivating oxide layer of Au n O m on the Au surface and has important implications about the mechanism of oxide film formation. 58, 59 On reversing the applied potential to the oxidized Au surface, it gets reduced back to Au at a potential of 1025 mV vs NHE. Region C shows the reduction of the solvated protons and oxygen at the Au surface.
Parts b and c of Figure 10 show the interaction forces measured between an oxidized Au electrode surface (gray circles; for atomically smooth and electrochemically roughened surfaces, respectively) and a positively charged APTES coated molecularly smooth mica in 1 mM HNO 3 solution at pH 3 (ψ 1 = +55 mV), as well as the thickness of the grown gold oxide Au n O m layer, using the EC-SFA. The passive layer of gold oxide was grown on the electrode surface by polarizing the gold electrodes above the oxidation potential, ΔU ox .
The force−distance profiles with the gold oxide surfaces (gray circles) show long-range attractive double layer forces, similar to a gold surface (without oxide layer) at negative potentials apposing the same APTES surface (red circles in Figure 10b,c) , instead of the repulsive double layer forces that would be anticipated for a positively charged surface (see Figure 3) . The observation of long-ranged attractive double layer forces indicates that the oxide surface fully screens the positive electrochemical potential applied to the underlying (unoxidized) gold electrode surfaces. The resultant negative surface potential observed for the gold oxide surface (surface potential ψ 2 = −25 mV) is attributed to the specific adsorption of a layer of hydroxide ions on the oxide surface. Further, the agreement between the ranges and magnitudes of the measured double layer forces for the reduced gold surface at ΔU = −100 mV and oxidized gold electrode surface at ΔU = 1650 mV is due to similar surface potential: the reduced gold surface exhibits a negative surface potential of ψ 2 = −25 mV due to negative surface charging induced by the application of negative electrochemical potentials.
The EC-SFA also provides a direct measurement of the in situ oxide layer thickness and oxide thin-film chemistry. The chemical composition of the oxide layer can be determined from the thickness of the oxide layer (directly measured in the EC-SFA) and the surface charge on the electrode. The two most probable electrochemical oxidation reactions of the Au surface are Electrochemical reaction 1:
The Journal of Physical Chemistry B Electrochemical reaction 2
The calculated thickness of the oxide layer can be estimated using Faraday's law of electrolysis together with the measured charge density consumed by the gold electrode. 11 For the above example, the calculated thicknesses of an oxide layer grown on atomically smooth gold were 9.4 and 31.4 Å for reactions 1 and 2, respectively. Compared with the measured thickness of ΔT ox = 32.7 ± 3.3 Å using the EC-SFA (see Figure 10b) , this allowed us to conclude that electrochemical reaction 2 with oxide layer Au(OH) 3 is the correct reaction, which is also consistent with previous work by several authors 58, 60 as well as the calculated Pourbaix diagram for gold. 61 The thickness of the gold oxide grown on an electrochemically roughened (by applying oxidation−reduction cyclic voltamograms from −200 mV vs Ag|AgCl to +1400 mV vs Ag|AgCl at a high rate of 3 V/s) Au electrode surface was about 60 Å, which is twice the value expected assuming a homogeneous Au(OH) 3 oxide layer. This may be attributed to the rapid growth of the oxide layer on the rough Au surface where the electric field intensities are higher on asperities, compared to a molecularly smooth surface, or that the film is less dense.
The ability to measure the oxidation current simultaneously with the thickness of a growing oxide film allows determination of the chemistry of oxide films in situ, a capability which is unique compared to other electrochemical techniques.
ADHESION AND FRICTIONEFFECTS OF ELECTRIC FIELDS
Both the adhesion and friction between surfaces can be modulated using the EC-SFA by controlling the electrochemical potential ΔU at an interface. By controllably adjusting ΔU at a gold surface, the electrostatic OHP potential ψ Au can be affected, which can affect the range and magnitude of the electrostatic double layer forces, as discussed in sections 2, 3, and 5. Another way to influence the adhesion and friction is by altering the actual surface structure by performing the electrochemical reactions discussed in section 9. Surface restructuring can be induced by repeated oxidation and reduction of the gold surface, resulting in progressive roughening of the surface. The effects of adjusting ΔU and subsequent effects on ψ have been discussed fully earlier in this review. 5, 6, 11 We examine in this section the effect of surface restructuring of a gold surface on the adhesion and friction forces between the gold surface and an apposing mica surface of varying functionality.
The adhesive interactions between a gold surface under electrochemical control and a mica surface functionalized with a monolayer of APTES were previously examined in detail. 11 As shown in Figure 11a , the adhesion decreases dramatically as the surface roughness on the gold surface increases (Au-1 to Au-3). In this case, the large decrease in adhesion is a result of the decreased contact area between the interfaces. For identical surface potentials, the adhesion decreases dramatically the rougher the surfaces. Asperities in the contact zone result in less area of contact, and this can also be observed from the shapes of the FECO fringes, confirming non-adhesive contact mechanics for the Au-2 and Au-3 rough surfaces, as compared to the molecularly smooth Au-1 surface.
In a similar experiment, a mica surface was functionalized with a PEGolated lipid bilayer and the interactions were measured with both smooth (Au-1) and rough (Au-2) gold surfaces. 62 For the bilayer, the adhesion actually increases for the rough surface, as shown in Figure 11b . Asperities induce large local pressures at the bilayer interface, and as additional force is applied, the asperities are able to puncture through the bilayer interface. This puncturing results in an increased contact area of the gold surface with the hydrophobic bilayer interior, causing the adhesion energy to roughly double as compared to the smooth surface.
These two examples illustrate a fundamental difference of the effects of surface restructuring when interacting with a hard or soft surface. A hard surface interacting with a rough surface results in less contact area than with a smooth surface of the same material, and thus smaller adhesion. A soft surface interacting with a rough surface, on the other hand, can result in asperity breakthrough into the soft surface, leading to increased adhesion. 62 Electrochemical control of the surface potential can also modify the properties of a confined fluid. A clear manifestation of such a phenomenon can be observed when the fluid is sheared between two flat surfaces such as mica. To perform such an experiment, Valtiner et al. 11 modified a recently developed 3D sensor actuator 8 and installed it with an electrochemical cell in the SFA (Figure 12a ). In this new setup, the Ag/AgCl reference electrode was inserted through the actuator and its extremity was immersed in a small bath of electrolyte solution. The working electrode was a gold surface immersed in the same electrolyte solution. The counter electrode was deposited at the bottom of the bath ensuring extensive contact with the electrolyte solution. The upper surface (bare mica) was actuated with a linear, laterally reciprocating sliding motion, and the frictional forces and separation distances between the mica surface and the gold electrode were recorded simultaneously.
The results, shown in Figure 12b , are an example of the evolution of the friction force as a function of time (friction trace). During the sliding of the mica surface, the separation distance was found to oscillate slightly between 2 and 3 nm. These oscillations were in phase with the frequency of the reciprocal motion. The frictional forces measured at constant sliding speed and applied normal load were found to be strongly dependent on the applied electrochemical potential to the gold surface. In Figure 12b , the electrochemical potential was abruptly changed from 0 to 400 mV during the sliding plateau of the mica surface. Immediately after this change in potential, the friction force increased by almost 50% with the appearance of stiction spikes after a few back and forth sliding cycles. The authors ascribed this change in frictional forces to an electroviscous effect. They found that, upon increasing the surface potential, the viscosity of the highly confined fluid, which was 5 orders of magnitude higher than the bulk water viscosity, increased from 190 to 250 Pa·s.
These experiments suggest new ways to study such complex dynamic phenomena by combining different measurement techniques such as optical microscopy, SFA, and electrochemical potential and current measurements in order to gain more insights into their chemical−physical origins.
FUTURE WORKS
The electrochemical attachment to the SFA could easily be adapted to other surface characterization techniques involving microscopic or spectroscopic imaging or measurements, both in vapor (vacuum) and liquids, such as IR, X-ray, SHG, SFG, and SANS.
Redox-Dependent Interaction Forces between Protein Surfaces. So far, the EC-SFA has been used to measure and control the intersurface forceswhile controlling the electrochemical potential of one surfacebetween inorganic surfaces (metals, oxides, or minerals) in aqueous or synthetic liquid solutions (ionic liquids or liquid crystals), as well as studying electrochemical reactions at inorganic surfaces. In the future, we believe that the EC-SFA can be a powerful tool for analyzing the subtle electrochemical (redox)-dependent interactions that occur at biological interfaces or between biomolecules, a notable example of which can be seen in the adhesive behavior of mussel foot proteins (mfp's). In its natural marine habitat, a mussel's foot (Figure 13a -I) will secrete a protein-based adhesive glue that strongly adheres to organic and inorganic wet surfaces, allowing the mussel to tether to surfaces underwater. 63 The unique proteins that comprise the adhesive plaque contain a high density of the rare amino acid 3,4-dihydroxyphenylalanine (Dopa), which has been shown to mediate the plaque's adhesion to inorganic surfaces through bidentate hydrogen bonds or coordination bonds that form via Dopa's cathechol arms. 64, 65 Dopa has been successfully used as an adhesive agent in mussel-inspired adhesives; 66−68 however, to the detriment of its adhesive potential, Dopa oxidizes (to dopaquinone) at physiological pH, which presents a significant obstacle to many practical applications of mussel-inspired adhesives. 69, 70 With the EC-SFA, we can apply oxidizing and reducing potentials, V, at a mfp-adsorbed electrode surface to control the redox state of mfp's, in situ (Figure 13a-II and III) , and measure the corresponding changes in the protein conformation (film thickness) and adhesion between the mfp-adsorbed electrode surface and an apposing (organic or inorganic) surface. By correlating the redox state of surfacebound proteins with the measured interactions between a protein interface and another surface (organic, inorganic, or biomimetic surface), we can broaden our understanding of the desirable criteria that go into the design of functional proteinbased devicessuch as mussel-inspired adhesives, bioelectronic devices, 71, 72 and biosensors. 73 Electrochemical Potential in the Nervous System. Electrochemical potential gradients frequently occur at or across membranes in cellular systems, such as in oxidative phosphorylation that occurs at the mitochondrial inner membrane, or in the axons of neurons in the nervous system. The action potentialthe electrochemical potential that is generated and transmitted through the nervous systemis responsible for directing and responding to stimuli that control the activities of all vital systems, such as the visual, sensory, and muscular systems.
In healthy tissues, an action potential can propagate through the neuron with minimum dissipation. Figure 13b -I shows a schematic of a neuron that is the primary component of the nervous system. The neuron consists of three partsa presynaptic neuron, a (myelinated) axon, and a postsynaptic cellwhere the stability of the myelin sheet is an important factor for the action potential to transmit efficiently (faster and less energy) by saltatory propagation. Figure 13b -II shows a schematic of the compact multilamellar structure of myelin that is responsible for the electrical and ionic insulation of the axon. Disruption or swelling of the myelin structure results in sensory and motor disabilities, which is a typical sign of neurological conditions like multiple sclerosis (MS). Previous studies showed that small changes in the morphology and composition of the myelin sheet (e.g., the presence of proteins such as myelin basic protein and the lipid composition) are responsible for the stability of the myelin structure. 74−76 The EC-SFA can be used to study in detail and at the molecular scale the response of an electric potential (equivalent to an action potential) at the myelin interface while measuring the insulation properties of the myelin in real time. The arrival of an action potential to a synapse causes the release of chemicals (see Figure 13b -III), called neurotransmitters, which are typically packed in synaptic vesicles (diameter ∼40 nm). Neurotransmitter release is regulated by voltage-dependent calcium channels. Several of the notable steps in this neurotransmission process are (i) the loading of neurotransmitters into the synaptic vesicles, (ii) the docking of vesicles near the release sites, and (iii) synaptic vesicle fusion. Despite significant attention from biophysicists over several years, 77 −79 the molecular mechanisms of these important events are still unclear. Using the EC-SFA, it may be possible to mimic these events, at least partially, by measuring the adhesion and separation distance between membranes and vesicles under an applied electric potential as it simulates and transmits action potentials.
■ CONCLUDING REMARKS
The electrochemical attachment to the SFA complements similar chemical probes, such as those used in atomic force microscopes (AFMs) and scanning probe microscopes (SPMs) that study much smaller, essentially nanoscale, areas, as opposed to the extended (micrometer to millimeter) surfaces of the SFA. Many interactions and chemical reactions can depend critically on the size or area of the "sample" being investigated, so that these different types of measurements complement each other. The SFA technique, however, when used with the multiple beam interferometric (MBI-FECO) optical imaging technique also allows measurements of the exact shapes, contact areas, and absolute surface separations of the interacting surfaces as well as slow relaxation or equilibration dynamics which are generally needed for fully and quantitatively analyzing or modeling the results. Kai Kristiansen is an assistant project scientist in the field of interfacial science and soft condensed matter physics at the University of California, Santa Barbara. He received his doctor scientiarum (Dr. Scient.) from University of Oslo, Norway, in 2005 on the studies of colloidal dynamics in magnetoviscous fluids and on particle sedimentation (both experiments and computer simulations). For his postdoctoral research, he conducts and leads research using the surface forces apparatus involving friction, adhesion, and interfacial science experiments in a broad range of fields including biophysics, geophysics, colloidal science, condensed matter physics, tribology, and nanoscience, as well as develops new research instrumentation for interfacial force measurements. ■ ACKNOWLEDGMENTS
